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INTRODUCTION

The US Army is currently investigating the use of liquid
propellants (LPs) in large and medium caliber guns. These LPs
are characterized by the use of hydroxylammonium nitrate (HAN) as
their oxidizer. On 22-23 August 1989, the Fifth Annual LP Con-
ference on HAN-Based Liquid Propellant Structure and Properties
was held at the BRL with Mr. Charlie Leveritt as General Chair-
man. The papers presented at this highly successful conference
were given by people from academia, industry, and other govern-
ment agencies.I

This report is a compilation of the abstracts and viewgraphs
of these papers where available. The final program is included
in appendix A and a list of attendees in appendix B.
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5th ANNUAL CONFERENCE ON HAN-BASED LIQUID PROPELLANT
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Title of Paper The Effect of Pressure and Dissolved Gases on the Electrical Conductivity of

Concentrated HAN solutions and Liquid Propellants

Presentation Time Request 30 (min)

Type of Paper. X Progress; Summary; X State-of-art; Other

Speaker's Name S. Murad Phone Number (312) 996-5593

Affiliation/address Chemical Engineering

University of Illinois at Chicago

Chicago, IL 60680

Co-author(s) name(s) P. Ravi

Abstract

A generalized correlation based on extended corresponding states has

been developed for the specific electrical conductivity of concentrated aqueous

electrolyte solutions. The correlation can account for the effect of

concentration, temperature, and pressure, with two adjustable parameters,

which are state independent, but may be linearly dependent on concentration.

The generalized correlation has then been tested for LGP 1845, LGP 1846, and

* 11M HAN solutions, to demonstrate its accuracy at atmospheric pressures. It

has also been used to predict the effect of pressure, and dissolved gases on

electrical conductivity. Although experimental data on liquid propellants or

HAN solutions is not available at high pressures, tests with other systems for

which such data are available show satisfactory agreement.

Finally, we propose to extend such a technique to the thermal

conductivity of liquid propellants.
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THE EFFECT OF PRESSURE AND DISSOLVED GASES ON THE

ELECTRICAL CONDUCTIVITY OF CONCENTRATED HAN

SOLUTIONS AND LIQUID PROPELLANTS

S. Murad and P. Ravi
University of Illinois

Chicago
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OUTLINE

A. SOLUBILITY OF GASES IN LIQUID
PROPELLANTS

B. EFFECT OF DISSOLVED GASES ON
PHYSICAL PROPERTIES

(i) DENSITY

(ii) ELECTRICAL CONDUCTIVITY

C. FUTURE WORK
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SOLUBILITY OF GASES IN LIQUID PROPELLANTS

GENERALIZED CORRELATION FOR SOLUBILITY,

f(G)
Xi = 

1

I's exp (Pi/RT)

IN EQN.(1), THE UNKNOWN VARIABLES ARE

H9s, V, AND f()

THESE CAN BE OBTAINED AS FOLLOWS:

PURE GASES

J (Z C), (2A)

OR FROM CHARTS IN STANDARD REFERENCES (E.G. PITZER/BREWER)

fi(G ) = Y ure (28)
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V= -0.0156 + 33.258 T (3)

WHERE Vi* = VjPC/RTi c  (3A)

AND T* = TPiC/CsTic (3B)

Hi,S* = -206.7 + 3.992 T*- 0.0126 T*2  (4)

WHERE Hi,s = Hi,s/Di (4A)

AND T* = T/a i  (4B)

WHERE ai AND Pi ARE COMPONENT PARAMETERS AND DEPEND

UPON (Pic,Tic, MW).



SOLUBILITY OF NITROGEN IN LGP 1846
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SOLUBILITY OF N2 IN 1 m NaCl AT 51.5 0 C
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EFFECT OF DISSOLVED GASES ON DENSITY

THE DENSITY (p) OF LGP 1845 AND 1846 CAN BE OBTAINED
FROM THE EQUATION OF STATE DEVELOPED PREVIOUSLY.

TO ACCOUNT FOR THE EFFECT OF SOLUBIUTY, THE DENSITY IS
MODIFIED AS FOLLOWS:

p' (mol/cm 3) = 1( xi) (5)

p

WHERE Xi IS THE MOLE FRACTION AND V- IS THE

PARTIAL MOLAR VOLUME OF GAS i IN THE LIQUID
PROPELLANT

11



ELECTRICAL CONDUCTIVITY

STRATEGY

(i) DEVELOP GENERALIZED CORRELATION FOR (T, X)
-- EXPERIMENTAL DATA AVAILABLE FOR LGP'S

AND AQUEOUS SOLUTIONS USED

(i i) ACCOUNT FOR EFFECT OF PRESSURE
-- EXPERIMENTAL DATA FOR AQUEOUS SOLUTIONS USED

(i i i) ACCOUNT FOR EFFECT OF DISSOLVED GASES
-- EXPERIMENTAL DATA FOR AQUEOUS SOLUTIONS

AND MOLTEN SALTS USED.

12



GENERALIZED CORRELATION FOR SPECIFIC
CONDUCTIVITY

WE HAVE USED AVAILABLE EXPERIMENTAL DATA ON LGP 1845,
1846, HAN AND OTHER AQUEOUS ELECTROLYTE SOLUTIONS TO
OBTAIN THE FOLLOWING EQUATION.

k* = 254.40 expT - -348.75
- 142.24 - 0.00292 P"

T* 1/1/2 2
WHERE k =k(M3) a , [k, S/cm]

T =T/13 [T, K]

P'= P a3 /13 [P, MPa]

a AND 13 ARE EMPIRICAL PARAMETERS.

FOR HAN AND LGP'S THEY ARE GIVEN BY,

13= 1 + 0.50306 X (BOTH FOR HAN AND LGP'S),

LGP 1845. 1846: cc = 1 0.1975 X

HAN: a = 1 - 0.5328 X

13



SPECIFIC CONDUCTIVITY OF L1-GP 14
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SPECIFIC CONDUCTiVITY OF LGP 1846

0.2

EXPERIMENT
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15



SPECIFIC CONDUCTLIVITY OF 11M HAN

0.3 -_ _ _ _ _ _ _ _ _
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SPECIFIC CONDUCTIVITY OF C0(03)2
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SPECIFIC CONDUCTIVF0-Y OF Ca(N0 3)2
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SPECIFIC CONDUCTIVITY OF LGP 1845 AT -30 deg.C
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SPECIFIC CONDUCTIVITY OF LGP 1846 AT 30 deg.C
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EFFECT OF DISSOLVED GASES ON SPECIFIC

CONDUCTIVITY

KEY ASSUMPTION

THE EFFECT OF THE DISSOLVED GAS IS PRIMARILY ONE

OF DILUTION (ION MOBILITY AND DISSOCIATION ARE

ASSUMED UNCHANGED). THIS ASSUMPTION IS VALIDATED

IF ONE EXAMINES THE SPECIFIC CONDUCTIVITIES OF4It

DILUTE ELECTROLYTE SOLUTIONS.

THIS LEADS TO THE EQN,

k2 _ 2.0165 -1-2 6 6 7 (:2)+ .2 4 9 9 6 (

ki V, V1

WHERE V IS THE CHANGE IN VOLUME UPON DILUTIONVI

AND K2 IS THE CHANGE IN CONDUCTIVITY.

21



THE CHANGE IN VOLUME UPON DISSOLUTION OF THE GAS

CAN BE OBTAINED FROM,

xi vioo
V2_ i n'+ 1.0V 2  1 i+ 1 ,

WHERE xi IS THE MOLE FRACTION OF THE GAS i,

V- IS THE PARTIAL MOLAR VOLUME OF THE GAS,
p' IS THE CORRECTED DENSITY OF THE SOLUTION.

22



EFFECT OF SOLUJBILITY OF N2 ON THE SPECIFIC CONDUCTIVITY
OF LGP 1846 AT 30 deg.C

0.100

0.098-

PRESSURE ALONE
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AND SOLUJBILITY

0.094
0 20C 40 60 80 100 120

P (MPa)
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EXTENSION TO AN ARBITRARY PROPELLANT

"LGP 184X"

EXAMPLE, ONE WITH COMPOSITION THAT IS IN BETWEEN

1845 AND 1846.

HAN TEAN WATER

(LGP 184X)
W]'% 59.29 18.71 22.00

THEN

k* = 254.40 exp -348.75
T 1/ 2  q*- 142.24- 0.00292 P

AND a = 0.9277

= 1.1843

24



SPECIFIC CONDUCTIVITY OF 184X

0.2

k (S/cm)

0.1

0.0 , ,
220 240 260 280 300 320

T (K)
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SIMPLIFIED EQUATIONS FOR THE SPECIFIC

CONDUCTIVITY OF LGP 1845 AND 1846

PRESSURE EFFECT

(kp) _ (PP )2 (-I
k, Pi Tip

WHERE 8 = 9.9226 - 0.0347 T

: REFERS TO THE VALUES AT ATMOSPHERIC PRESSURE AT THE

SAME TEMPERATURE.

TEMPERATURE EFFECT

(kT) - P) 2 (lref*
kref Pref 1T

. _ T re f

WHERE y = 1.4473 - 1.0978E-3 T 1.0588E-3 T

THIS EQUATION CAN BE USED TO CALCULATE THE SPECIFIC

CONDUCTIVITY AT ANY TEMPERATURE GIVEN THE VALUE AT

ANY OTHER TEMPERATURE IN THE RANGE -45 TO +55 deg.C.

26



FUTURE WORK

A. THERMAL CONDUCTIVITY OF HAN, TEAN
SOLUTIONS AND LIQUID PROPELLANTS,
INCLUDING EFFECT OF DISSOLVED GASES

B. EFFECT OF DISSOLVED GASES ON
VISCOSITY (EFFECT OF T, P, X PREVIOUSLY
INVESTIGATED)

C. HEAT CAPACITY AS A FUNCTION OF
(T, P, X) AND DISSOLVED GASES

D. DIFFUSION COEFFICIENT
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ESTIMATING SOLUTION DENSITIES

FOR MIXTURES CONTAINING HAN

D W Cawlfield
Olin Chemicals
Charleston, Tennessee

ABSTRACT

A correlation has been found that predicts apparent molar volume for HAN and other compounds of
interest including ammonium nitrate, ammonium hydroxide, TEAN, and nitric acid. Apparent molar
volume is correlated to a function of the combined mole traction solute and thus enables estimation of
the density of mixed solution. This correlation has been found to be more accurate than previous
methods used to describe solutions of electrolytes and has a theoretical basis.

INTRODUCTION

In the course of developing a detailed material and energy balance for the electrochemical production
of HAN, we need to predict the density of mixed electrolytes, principly HAN, nitric acid, and ammonium
nitrate. The density of a mixed salt cannot be accurately estimated based on existing correlation of
density to the molarity of single components. Furthermore, when performing a mass balance, the
molarity cannot be computed until the density is estimated.

W. M. Clarke of Olin Corporation has developed a method of predicting density for mixed
concentrated electrolytes that fits a very wide range of inorganic compounds including sodium
hydroxide and sodium chloride mixtures. This method has been found to work well even for slurries of
mixed crystalline solids in their saturated mother liquor. Clarke's density correlation has been adopted
for use in the ASPEN physical property database, but is still not widely known or used in industry.

This paper will discuss the application of Clarke's correlation to solutions containing HAN, including
liquid propellant formulations. I will discuss the theoretical underpinnings of Clarke's formula and
speculate on why it seems to work so well. I will also show the work I have done fitting data on
ammonium nitrate solutions of different temperatures using Clarke's formula. This last work shows
how electrolytes can affect the structure of water.

EXPERIMENTAL DATA

Experimental data for this work was collected from a variety of existing sources. Reports from BRL
were the source of data for my density correlations for HAN and TEAN. Data on ammonium nitrate and
nitric acid were obtained from sources listed in the references.

28



RESULTS AND DISCUSSION

Theory and Equations:

The apparent molar volume is obtained by assuming that the volume of the solution can be divided
into two portions, one contributed by the water and the other by the solute. The partial molar volume
of the solute is determined by subtracting the volume of water, estimated from the density of pure
water, from the density of the solution and subtracting the density of the solute. A useful formula for
calculating the apparent molar volume from the density of pure solvent and molality of the solution is
as follows:

1. V = 100I (- 1) + M2
m p po po

For data available on the density of HAN and TEAN, concentrations were expressed in molarity rather
than molality. The conversion from molarity to molality can be expressed as follows:

2. m - 1000M
10OOp- MM2

From the molality, the mole fraction solute can be calculated easily. Note that all
solutes are considered to be single solution species even though they may
dissociate into multiple ions.

3. X = m
m + 1000/Mi

W. M. Clarke studied several methods for density correlation and found that Dave Thomas of Amoco
used the Debeye-Huckel equation for predicting activity coefficients with partial success as a
correlation for the apparent molar volume. He tried a simplification of this equation, substituting mole
fraction solute for ionic strength. Surprisingly, this simpler expression based on mole fraction of
solute rather than molarity fits well for a wider range of solutions than the original Debeye-Huckel
expression. This expression is:

4.

1 +-4"

For solutions at infinite dilution, this expression goes to zero. Clarke's expression evaluates to 0.5 for
anhydrous electrolyte.

To estimate density, existing density data is converted to apparent molar volume, and plotted as a
function of Clarke's expression. A regression of the line is used to obtain coefficients from which the
apparent molar volume at infinite dilution and for the pure electrolyte are extrapolated. Density for a
given molality of solute can be estimated by first computing the mole fraction of solute as before,
computing a predicted apparent molar volume, and then calculating density by an inversion of Formula
1.

29



5. p = + Mm

V'm + 1 000/po

For mixed electrolytes, the partial molar volume of each component is estimated separately, based on
the combined total mole fraction solute. Formula 5 is modified to include the volume contributions of
each speces to the total.

6. pmix = 1000 + (-,MMrL

(.V'rm) + 1 000/po

From the estimated density, we can calculate a conversion from molality to molarity for each
component. This is useful in predicting the results of a volumetric analysis based on a density
measurement. We have also used this conversion to compute molar compositions in our material
balance.

The fit of Clarke's correlation to density data for HAN and TEAN is shown in Figures 1 and 2 and Table
I. Both HAN and TEAN data fit this model extraordinarily well. Deviation from linearity is negligible
even through points for 95% HAN. The extrapolation of the solution data to pure HAN gives a figure
that is closer to the density of the HAN melt than for crystalline HAN. In Table I, the predicted densities
are calculated from predicted molar volume and these agree with the original data very well, especially
at low concentrations. The increasing accuracy of density predictions at low concentration is a
significant benefit of our approach.

The slope of the line shows that at low concentrations, the apparent molar volume of HAN in water is
lower than at high concentrations. This behavior is the same for most salts that fully dissociate in
solution. In general, this behavior suggests that solvated ions in dilute solution become tightly
wrapped in solvent and that the water in the vicinity of these ions forms a denser structure than free
water.

Nitric acid is one compound that does not fit Clarke's correlation well (see Figure 3 and Table IV). The
curve has a sharp bend at a mole fraction nitric acid of about 40%. This bend might be explained by
the equilibrium of nitric acid with dissolved N205 at high concentrations, or it could imply that nitric acid
no longer dissociates at concentrations above 6M. This latter case seems more likely. For cases
where the total acidity of solution is low, nitric acid can be assumed to have a nearly constant apparent
molar volume of 30 cc/mole.

Ammonium hydroxide in Figure 5 and Table II (as ammonia) is one of the few compounds whose
apparent molar volume is higher for dilute that concentrated solutions. This behavior may imply that in
dilute solution, ammonia tends to insert itself into hydrogen ponded rings or chains, thus creating a
more open structure.

Data for ammonium nitrate were available at a range of temperatures from 0 to 80 degrees Celsius.
The curves for these data are shown in Figure 4 and Table I1. The effect of temperature on the fit to
Clarke's formula Is particularly interesting at low temperatures. From 25 to 80 degrees Celsius,
increasing temperature simply increases the apparent molar volume of the solute at about the same
rate as that of water (0.05% per degree). However at 10 and 0 degrees Celsius, the plot AMV vs
Clarke's expression is curved. At low concentrations, the slope of the curve is greater and the
apparent molar volume appears to decrease rapidly at lower temperatures.

One explanation for this sharp deviation in the behavior of simple electrolytes at low temperatures is
that the structure of water is changing and becoming more ordered and ice-like. This phenomenon is
easily observed in the plot of specific volume of water as a function of temperature in Figure 6 and
Table Ill. Ammonium nitrate ions act to decrease this rearrangement of water molecules and thus have
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a greater densitying bilect at low temperature than at high temperature. In essence, what we are
saying is that the strucijre of water in a concentrated electrolyte at low temperature is similar to that of
a more dilute electrolyte at higher temperature.

We have tested several other density correlations with much less success. For example, apparent
specific volume of the solute correlates with the square-root of weight fraction solute. This correlation
works well for HAN, but not at high concentrations, and not as well as Clarke's method. Other authors
have shown correlations between apparent molar volume and various functions of molality, molarity,
and mole fraction solute. All of these formulas have difficulty dealing with concentrated electrolytes
accurately. Some rely on application of more than two coefficients.

Clarke's method has been applied to a variety of salts for which the correlation for dilute and
concentrated solutions extrapolates accurately to the crystalline density of the salt. This is true for
sodium chloride and sodium hydroxide (1:1); barium chloride (2:1), sodium sulfate (1:2) and cadmium
sulfate (2:2). It also works for monobasic, dibasic, and tribasic sodium phosphate (1:3). Ferric chloride
is an example of a 3:1 salt that also fits Clarke's model. Phosphoric, suffuric and hydrochloric acid fit
very well.

The simplicity of Clarke's method for density correlation is a very big advantage since it allows accurate
prediction from a very small number of data points. In the absence of better information,this method
may be used based on the crystalline density and the density of a single solution of known
composition. Clarke's method is also the only one simple enough to allow the easy extraction of data
about a desired compound from density measurements on a mixture of several electrolytes.

Why does Clarke's method work so well? We are not sure if there is a strong theoretical basis for this
correlation since the form of this exr,ession has no obvious physical significance. Clarke's method
actually predicts the non-ide-""' felectrolytes since ideal solutions have a constant apparent molar
volume for all mole fractions e ute.

One interesting algebrac manipulation demonstrates that Clarke's expression can be rearranged to
the form of the quacratic formula by transforming mole fraction solute to the solute/solvent mole ratio.
This form of our xpression suggests that the solute/solvent mole ratio is a simple parabolic function
of the apparent molar volume. This makes sense if we see the solute/solvent ratio as providing a
driving forc,; for compression of some simple elastic bonds. Developing a more detailed theory along
these lines might be a good opportunity for computerized molecular modeling.

I havo used the coefficients for HAN and TEAN to estimate the density for LP-1845 and LP-1846 in
Table Ill. This table is taken from a worksheet where the composition can be varied and the results are
instantly updated. A similar set of formulas was used to estimate densities for solutions in the material
balance for the electrochemical process tr manufacturing 13 molar HAN.

Further use of the data on HAN will be for process control. Using this correlation, we can develop a
cure to predict the concentration of HAN given the temperature and density. Completion of an
accurate correlation with respect to temperature will require additional experimental data.

A copy of the worksheets from which all of the tables in this report were made is available from the
author.

CONCLUSION AND RECOMMENDATIONS

W. M. Clarke's correlation for densities of electrolytes has been shown to work remarkably well for HAN
and TEAN solutions. This method provides a good basis for predicting the densities of LP
formulations containing HAN, TEAN, and excess nitric acid. The fact that HAN and TEAN solutions fit
this model so well suggests that they are indeed fully ionized, even in highly concentrated solutions.

Recent data on the density of LP formulation suggest that small changes in the excess nitric acid have
a larger effect on density than that predicted by this method. We should consider whether small
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Recent data on the density of LP formulation suggest that small changes in the excess nitric acid have
a larger effect on density than that predicted by this method. We should consider whether small
changes in excess nitric acid concentration could have the effect of converting a small equilibrium
amount of free hydroxylamine to hydroxylammonium ions. As has been shown for ammonia and
ammonium nitrate, a free amine can have the opposite effect on the structure of water from its
corresponding ion.

Beyond the practical application of this method of density prediction, I believe that some useful
theoretical implications can be drawn about the nature of water in LP formulations. I anticipate that as
has been shown for ammonium nitrate and ammonia, the effect of temperature on the apparent molar
volume of the solute reveals some useful hints about the interaction of water and electrolyte. If small
amounts of free hydroxylamine can promote formation of hydrogen bonded chains, then reducing the
free amine content by addition of slight excess nitric acid may improve the low temperature viscosity of
LP.

In order to understand more about this phenomenon, I propose that density data be collected on
HAN/water and TEAN/water solutions at low temperature, and for HAN solutions that have been over-
neutralized (i.e., with free hydroxylamine). This information would be used to observe the relative
effect of hydroxylammonium and triethanolammonium ions on the structure of water. An accurate
estimate of the apparent molar volume of hydroxylamine will allow a test of my theory about low levels
of nitric acid. Viscosity measurements will also help to evaluate my proposition.

Future work with other salts would allow the estimation of apparent molar volume of the individual ions.
This information would help to create a more complete understanding of the structure of water in
concentrated HAN.

GLOSSARY

V, Apparent molar volume cc/mole

m Molality mole/100 gm solvent

p Density of solution gm/cc

po Density of pure solvent gm/cc

Mi Molecular weight of solvent

M2 Molecular weight of solute

M Molarity of solution mole/liter

X Mole fraction solute dimensionless
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The Anomalous Behaviour of HAN-Based Liquid Gun
Propellant During Analysis
(Part 1., Isothermal Studies)

P F Bunyan
J W Haworth
S Westlake

Royal Armament Research and Development Establishment.
Powdermill Lane, Waltham Abbey, Essex, EN9 lAX,

(United Kingdom).

Summary

This is the first of 2 papers in which a number of
unexpected, non-reproducible events which have been observed
when analysing HAN-based liquid gun propellant, are
described.

A series of tests carried out isothermally at 77 0 C are
reported. The occasional observation of rapid increases in
reaction rate after a quiescent period of variable length,
are noted. These events appear to be confined to propellants
that have been subjected to accelerated ageing tests.

N.B. This document is intended to support a verbal
presentation to be given at the 5th Annual Conference on
HAN-Based Liquid Propellants, Structure and Properties,
at the Ballistics Research Laboratory, Aberdeen Proving
Ground, Maryland. It reproduces some of the material reported
in RARDE Memorandum 23/88, but includes some additional
result.p that have been gathered since that Memorandum went to
press.

COPYRIG14T 0 CONTROLLER HMSO, LONDON 1989
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INTRODUCTION

Various methods for quantifying the stability of HAN-based
liquid gun propellant have been developed at RARDE/WA and
have been used to show the effect on thermal stability of
contamination with metal ions [Ref 1,2].

Recently, a set of 5 somples of LPG was received from Royal
Ordnance PLC, Westcott that had been subjected to a variety
of material compatibility contact tests at elevated
temperatures [Ref 3]. An estimate of any changes in thermal
stability was requested.

These samples were subjected to the heat generation test
described in Reference 1 and, in many cases, behaved in a

manner that previous experience would suggest was consistent
with the quantity of iron ions taken into solution (up to 10
ppm [Ref 4]), ie a slightly elevated, but constant heat
generation rate. However, in a number of cases a sudden,
unexpected, rapid increase in heat generation was observed,
followed in some cases by a violent pressure burst of the
sample ampoule.

A series of experiments was carried out to describe this

phenomenon and to attempt to identify its cause.

EXPERIMENTATION

Equipment and Materials

All experiments using the bioactivity monitor were carried
out with the experimental facility described previously
[Ref 1].

All burst experiments were performed in an aluminum block
maintained at a constant temperature of 770C in a Grants
block bath.

The trials at Westcott used LP1O1 blend 4 which had been
manufactured at RO Waltham Abbey. The descriptions of the 5
samples supplied by RO Vestcott were as follows:

TUBE 1 316 SS welded transverse to rolling direction, 13
days at 690 C.

TUBE 2 316 SS 2 specimens welded parallel to rolling

direction, 15 days at 69 0 C

TUBE 4 19.5.88 - 2.6.88 at 690C in contact with polythene.

TUBE 5 19.5.88 - 2.6.88 at 69 0C in contact with Dolythene.

TUBE 6 19.5.88 - 2.6.88 at 69 0 C in contact with
polyvinyldifluoride.
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A stock sample of LPlO1 blend 4 was used for control
purposes.

The visual appearance of these samples varied from a pale
yellow color, to a fairly deep orange. All were clear,
homogeneous liquids.

Experimental Work. Results Observations and Remarks

This section will take the form of a descriptive account of
some events that have been observed when using this group of
propellant samples, in chronological order, along with some
discussion of the reasons for proceeding with the next
experiment.

Experiment 1

The variation of the heat generation rate with time of 2x4g
samples from TUBE 1 and 2x4g samples from TUBE 2 when held at
770 C was monitored. These outputs settled down to
reproducible, constant rates of 18 )iW/g and 20 yW/g
respectively. After about 6 h, one of the two samples from
TUBE 2 showed an apparent sudden increase in heat generation
rate which exceeded the range of the recording device. This
had dropped back to a lower, constant rate by the time that
this behaviour was noticed (Fig 1). The duplicate experiment,
using material also taken from TUBE 2, showed no sign of this
sort of behaviour and recorded a steady rate throughout the
duration of the test (Fig 2). On removal of all 4 samples
from the BAM the sample that had shown the apparent excursion
had not burst, and showed no change in color or any sign of
bubble formation, ie it was visually similar to its
duplicate.

Remarks Concerning Experiment 1

This anomalous behaviour had never been encountered before in
the 18 months that the test had been in use, and it was felt
at the time, that it could be due to a false signal being
recorded caused by a malfunction in the amplifier. It was
decided to continue with the analysis of samples from TUBES 4
and 5 and to observe the suspect amplifier carefully, to see
if the problem reoccurred.

Experiment 2

2x4g samples from TUBES 4 and 5 were subjected to the heat
generation test. After about 2h it was noticed that one of
the samples from TUBE 5 had suddenly gone offscale (ie
apparently gererating a large amount of heat). An attempt was
made to remove it from the cylinder, but the ampoule was
discovered to be detached from its lifting tool. The other
three samples were showing no sign of high heat generation
rates, but were removed from their cylinders to prevent
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possible damage. Closer inspection of the unit that had given
a high result revealed that the ampoule had burst, causing
distortion of the BAM sample well.

Remarks Concerning Experiment 2

The cylinder containing the burst ampoule was not the same
one that showed the transient peak during experiment 1. Thus
this seems to be L real result cf a cLange in the propellant
itself and not some artificial detection fault. Because of
the expense of replacing a damaged BAH cylinder, it was
decided not to leave the BAH unattended with this material in
it until the cause of these events had been found. It was
thought possible that this sort of behaviour could be caused
by the corrosive action of the contents of an ampoule leaking
onto metal components within the detection region of the BAN
and experiment 3 was proposed using the surviving 3 cylinders
to see if this behaviour could be repeated.

Experiment 3

3x4g samples of material from TUBE 5 were subjected to the
heat generation test and kept under constant manual
supervision to allow removal of the offending ampoule if a
sudden exotherm was seen. After about 3/4 h one of the three
outputs suddenly went offscale. This ampoule was removed from
the cylinder immediately and a visual inspection showed no
sign of leaks or a rapid reaction. It was then placed on the
laboratory bench to cool down on the assumption that this
would effectively halt any reaction that was still taking
place. After 2-3 minutes this ampoule burst violently!
Observation of the other 2 cylinders continued for a further
2 hours, but no anomalous behaviour was seen and the
experiment was terminated.

Remarks Concerning Experiment 3

The increase in heat generation rate must have been enormous
to continue the reaction rapidly enough to burst the aapoule
while it was standing in the cool environment of the
laboratory. The most notable feature of the observed effect
was that, although the experiment succeeded in repeating the
result seen in experiment 2, it could not be done
reproducibly - ie bursting did not occur in all cases and,
when it did occur, the same induction period was not seen
prior to the event.

Experiment 4

A 'time to pressure burst test' was performed on 2 samples
from TUBE 5 at 118 0C using the procedure outlined in
Reference 2. Surprisingly, the time taken to record a burst
was 17 h in both cases - a result consistent with the steady
heat generation given by those samples from TUBE 5 which did
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not burst - and these results would not have given any
warning of instability at a temperature 41 degrees lowe-.

Remarks Concerning Experiment 4

The size of sample used in the TTFB test is slightly smaller
than that employed for the HFC test., making accidental
contamination of the cap by the ampoule contents less likely.
Therefore one possible explanation for the odd behaviour st'en
in experiments 1, 2 and 3 advanced at this time was that
accidental contamination of the cap by the propellant had
allowed some violently incompatible material to come into
contact with the propellant after a variable delay introduced
by the time for diffusion to occur.

Experiment 5

A larger number of heating trials were carried out in
identical ampoules and using similar conditions to those used
in the HFC test except that the ampoules were held in a
robust heated aluminum block bath and the duration of the
trial was 3 days. No attempt was made to determine the exact
time that a burst occurred other than a visual inspection.
The results of these trials are summarized in Table 1.

Remarks Concerning Experiment 5

It can be seen that bursts occurred sporadically in samples
that had been subjected to accelerated ageing/contact trials
and there was no significant difference between the frequency
of burst and the type of material with which the propellant
had been in contact.

Experiment 6

20x4g samples of untreated LP10 propellant blend 4, which
had been stored in a magazine since manufacture were also
placed in a block bath at 770C. In this case, no bursts
occurred within 3 days.

Remarks Concerning Experiment 6

These negative results would suggest that this low
temperature bursting behaviour was confined to samples
received from RO Westcott.

Attempts To Duplicate the Original Observations

At this stage, although it seemed that some treatment
received by these samples during the time they were at
Westcott, it was not clear whether this was due to the
intended treatment (ie the desired compatibility trial) or
some adventitious treatment (eg unintentional contamination
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aurin. storage or transport). Ine originai triai conoltions
were therefore repeatea as closejy as possible at RO Westcott
and the resulting propellant transported to Waltham Abbey for
analysis. These analyses were carried in a similar manner to
the original set with the exception that a) a different
analyst performed the test to exclude operator dependence and
b) with the wisdom of hindsight the HFC tests were never run
unattended, for financial reasons. The results of these tests
are reported in Reference 5 and summarized in Table 2.

The following features should be emphasized.

1 No bursts occurred in the bioactivity monitor. This may
have been due partly to the shorter duration of these tests.

2 Some bursts did occur in the block bath tests. Again
these did not appear to be related to the type of material
with which the propellant had been in contact.

3 The untreated propellant again showed no bursts when
subjected to heating for 3 days at 770C.

Considering both sets of results together it would appear
that the anomalous behaviour was seen in the second group,
although at a significantly reduced frequency in comparison
to the first group.

DISCUSSION AND CONCLUSIONS

A series of experiments have been performed which show that
HAN-based liquid gun propellants can, under certain
circumstances, behave in an unpredictable manner.

It is important that the cause of this phenomenon is
ascertained so that remedial action can be taken to avoid it
occurring in the future. If an event such as this happened in
LP1O1 when in bulk storage the result could be extremely
hazardous.

To identify the cause of these events will require the use of
more specific techniques than those employed for this study
and a program of work to investigate this subject further is
being prepared.

1 Bunyan P F RARDE Memorandum 4/88, 1988.

2 Bunyan P F Proc. 4th Annual Conf. on HAN-based Liquid
Westlake S Propellants, BRL, Aberdeen, 30th August-

1st September, 1988.

3 Sutton D RO(W)/LTM/LPG/MLTT, May 1987.
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SYMBOLS AND ABBREVIATIONS

HAN Hydroxylammonium nitrate

RO Royal Ordnance

ppm Parts per million (weight/weight)

HFC Heat flow calorimeter

BAK Bioactivity monitor

TTPB Time to pressure burst

W Watts

g Grammes

h Hours

LP1O1 A British copy of the US propellant LP1845
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TABLE I BLOCK BATH STORAGE TESTS

Sample no. Wt (g) Source Final Appearance of
Ampoule After 72 h

1 3.924 TUBE 2 no burst
2 4,125 TUBE 2 no burst
3 4.075 TUBE 2 no burst
4 3.929 TUBE 2 no burst
5 4.027 TUBE 2 burst
6 3.942 TUBE 2 no burst
7 3.931 TUBE 2 burst
8 4.030 TUBE 2 burst

9 3.918 TUBE 1 burst

10 3.938 TUBE 1 burst
11 3.936 TUBE 1 no burst

12 3.937 TUBE 1 burst

13 4.026 TUBE 1 burst

14 4.158 TUBE 1 burst

15 3.896 TUBE 1 no burst

16 3.932 TUBE 1 burst
17 3.987 TUBE 1 burst
18 4.015 TUBE 1 no burst

19 3.991 TUBE 6 no burst
20 3.899 TUBE 6 no burst
21 4.093 TUBE 6 no burst
22 3.978 TUBE 6 burst
23 3.982 TUBE 6 no burst
24 4.194 TUBE 6 burst
25 4.012 TUBE 6 no burst
26 3.901 TUBE 6 no burst
27 4.012 TUBE 6 no burst
28 4.019 TUBE 6 no burst

CONDITIONS: Approx. 4g samples of liquid propellant sealed in
3 cm3 glass ampoules with teflon-lined caps
maintained at 770 C

SUMMARY: 12 burst seen out of a total of 28 trials
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TALE 2 ATTEMPTS TO REPEAT THE ORIGINAL OBSERVATIONS

Summary of Pressure Burst Tests

Sample/Contaminant Burst Frequency

1 316 Stainless Steel 0 bursts from 10 trials
2 Solvirel Rubber Seal 2 bursts from 10 trials
3 Polythene DG/MPD/139B 1 burst from 10 trials
4 Polythene Stanylex 4036 0 bursts from 10 trials
5 Polyvinyl Difluoride 0 bursts from 10 trials
6 Aged Control* 2 bursts from 10 trials
7 Unaged Control! 0 bursts from 20 trials

* ie Propellant that had been subjected to the trial
conditions described in Reference 3, but with no
solid test material in contact

Stored in magazine at Waltham Abbey since manufacture

ii Summary of Heat Flow Calorimetry Tests

The highest constant rate of heat generation was given by
the sample which had been in contact with 316 stainless steel
(about 10-11 ,W/g). All of the other samples showed very
slightly elevated heat generation rates (6-7 ,pW/g after 6 h).
In no case was a sudden transition to rapid heat generation
rate seen during the duration of these tests (6 h).

iii Visual Appearance of Second Set of Samples on
Arrival at Waltham Abbey

All six samples received from Westcott were clear liquids
colored a light straw color and were all of similar visual
appearance. In this way they differed from the original set,
which varied in color from light straw color to a fairly deep
orange.
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The Anomalous Behaviour of HAN-Based Liquid Gun
Propellant During Analysis
(Part 2, Adiabatic Studies)

P F Bunyan
S Westlake

Royal Armament Research and Development Establishment,
Powdermill Lane, Waltham Abbey, Essex, EN9 lAX,

(United Kingdom).

Summary

This is the second of 2 papers in which a number of
unexpected, non-reproducible events which have been observed
when analysing HAN-based liquid gun propellant, are
described.

Some results obtained on this propellant using an adiabatic
calorimeter are presented. Variable results and a sudden
transition from slow to rapid reaction rate again appear to
be characteristics of this propellant. In this case, the
propellant employed for the experiments was unaged.

N.B. This document is intended to support a verbal
presentation to be given at the 5th Annual Conference on
HAN-Based Liquid Propellants, Structure and Properties,
at the Ballistics Research Laboratory, Aberdeen Proving
Ground, Maryland. It reproduces some of the material reported
in RAROE Memorandum 9/89, but includes some additional
results that have been gathered since that Memorandum went to
press.

COPYRIGHT Q CONTROLLER HHSO, LONDON 1989
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INTRODUCTION

The suggestion was made at the end of the 4th Annual
Conference on HAN-based Propellants that the theory of
thermal explosions should be applied to this class of
propellant in order to estimate its response to various
situations when stored or transported in bulk (Ref 1).

The technique of adiabatic calorimetry has been used to
gather data on the self heating behaviour of several
energetic materials (Refs 2,3) and this can yield information
concerning critical conditions for thermal runaway. An
adiabatic calorimeter has recently been acquired by RARDE
and, as part of an initial assessment of this technique,
attempts have been made to obtain thermal runaway curves from
samples of a HAN-based propellant under a variety of
conditions.

The results obtained for HAN-based propellant were far more
variable than seen with other energetic materials and it is
difficult to see how any ordinary temperature/concentration
dependent rate law could explain this. It appears that the
application of the technique to this propellant will not
yield data that can be interpreted using conventional thermal
explosion theory.

These results bear features which resemble some of the
observations reported in another paper at this conference and
it appears likely that the sudden increases in heat
generation rate seen during both isothermal and adiabatic
studies are related.

PROBLEM DEFINITION AND GENERAL APPROACHES TO A SOLUTION

Mosti energetic materials have a large, positive, exponential
dependence of decomposition rate on temperature. The rate of
heat loss of a container has an approximately linear
dependence on temperature. The practical consequence of these
two facts is that any system containing a substance capable
of self-heating can behave in one of two very different ways.
Either the system will approach a steady state where heat
generation and loss rate are equal or, if the sample mass is
too large, initial temperature of the system too high, or the
heat loss processes too slow, thermal runaway can occur
leading to a thermal and/or pressure explosion.

I It is, of course, essential that the reaction which will
be responsible for any potential explosion is one whose rapid
decomposition mechanism is that of a thermal explosion for
thermal explosion theory to be applied successfully to it.

Hazard evaluation for any material which, for example, didn't
obey a positive dependence of rate on temperature type of
law, would not be amenable to this sort of approach.
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It is necessary to have some means of estimating the likely
response of any system that contains energetic materials in
bulk, to a variety of situations that they might encounter
during their service life, so that remedial action can be
taken to prevent an explosion, or at least predicted so that
measures can be taken to minimize the resulting damage. In
order to do this the following two questions must be
addressed.

i To what temperature, in a given environment, can a
particular system be raised and still be expected to cool
again by itself? (ie what is its critical temperature of no
return?)

ii If the system is heated to a temperature higher than that
described in i, how much time is available before it explodes
for remedial action to be taken such as hosing down with cold
water or evacuating the area? (ie what is the time to maximum
rate?)

If a valid, general model can be found which describes the
self-heating behaviour of the system. then it could be
applied to a larger scale system to provide answers to these
questions. In order to do this it is necessary to quantify:

a The heat loss characteristics of the container. These
can be calculated if the surface area, surface heat transfer
coefficient and thermal capacity of the system are known.
Alternatively, it can be measured experimentally by filling a
similar container with a material of known specific heat and
recording its cooling curve while the temperature of the
surroundings is held constant.

b The laws governing the self-heating behaviour
temperature and time caused by exothermic decomposition of
the energetic material.

With this information, it is possible to construct an
adiabatic time-temperature runaway curve and a heat loss rate
curve on the same pair of axes. Critical conditions can be
deduced from this plot by applying the theory of thermal
explosions. A comprehensive description of thermal explosion
theory may be found in reference 4.

If the energetic material of interest can be maintained under
true adiabatic conditions while its temperature is monitored
as a function of time, it may possible to obtain the runaway
curve directly as an experimental result. An adiabatic
calorimeter is manufactured by Columbia Scientific
Industries, of Austin, Texas, USA, which subjects a sample
to an adiabatic environment by surrounding it with electric
heaters. Power supplied to the heaters is controlled by means
of a feedback loop from a thermocouple in good thermal
contact with the sample container and heat loss or gain
prevented by ensuring that no temperature gradient develops
between the sample and itr immediate surroundings. The
operating principles and theoretical aspects of data handling
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of this device are described in References 5 and 6.

EXPERIMENTATION

Eauipment and Materials

All experiments were performed using an accelerating rate
calorimeter manufactured by Columbia Scientific Industries,
Austin, Texas. The instrument was assembled, calibrated and
operated following the procedures described in Reference 7.

Energetic materials were obtained from existing stock samples
held by RARDE and were used without further purification.

Standard spherical titanium bombs and wide mouth hastelloy C
bombs were supplied by CSI. Spherical tantalum bombs were
obtained from The Ballistics Research Laboratory, Aberdeen,
Maryland.

When wide-mouthed bombs were used, they were lined with
glass by inserting an 18 mm dia. Samco flat bottomed tube cut
down to a length of 19 mm.

Metal sample bombs were cleaned before use by heating to
6000 C in an oven while purging the inside of the bomb with
oxygen, to remove carbonaceous deposits.

Experimental Work

Many of the experimental results reported here appeared
originally in Reference 8, which was designed to assess the
potential of the ARC to tackle a variety of problems of
interest to RARDE. A range of energetic materials were
therefore investigated for that study: Di-t-butyl peroxide,
Iso-propyl nitrate, Liquid gun propellant LPIOI, O.tofuel II
and 1,3,5-trinitro-triazine (RDX). This paper, which is
intended to highlight some unusual features of HAN-based gun
propellant behaviour, will only describe ARC runs performed
on LP1O1 and, for comparison, iso-propyl nitrate. However, it
should be noted that many of the general features of the IPN
trace are common to all of the other materials considered in
the earlier document.

Data were processed, plotted and interpreted employing the
theoretical principles and equations derived by Townsend and
Tou (Ref 5).

Values for the specific heat of energetic materials, used for
the calculation of 0 factor, were as reported in Reference 9.

A description of operating conditions and a summary of the
result of each experiment are given in Table 1. As many of
the individual ARC runs showed unique features, they are
discussed in greater detail in the next section.
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Results and Observations - Individual Experiments

LIQUID GUN PROPELLANT LP1O1

RUNS 1 2 AND 3

These runs were performed on untreated LP1Ol in stanuard
spherical titanium bombs.

Run number 2 gave only one data point as an effectively
instantaneous temperature jump occurred from 101 to 183 oC
and no plot of this data has been attempted. Plots of
temperature vs time for runs 1 and 3 are shown in Figs 1-2.

RUNS 4 AND 5

These runs were performed on LP1O1 which had been diluted
down to about 20% solids with water in order to see if
this would allow the reaction to take place in a slow,
controlled manner, both by diluting the reactants, and by
acting as a large heat sink in intimate contact with the
reactants. Plots of temperature vs time are shown in
Figs 3-4.

It can be seen that this was unsuccessful, the sudden,
non-reproducible rate increases being seen in both cases. The
temperature at which this occurs seems to be at a higher
temperature than seen in the case of undiluted LP1OI and to
an extent that cannot be expiained by increased thermal
inertia (4 factor) effects alone. It would appear that water
may play a more important role in the reaction mechanism than
that of a mere inert diluent.

RUNS 6 AND 7

This propellant has been shown to be very incompatible with
many transition metals (Ref 10) and it was felt possible that
the sharp changes in rate seen when using LP1O1 in the ARC
could be an experimental artifact introduced by a reaction
between the propellant and the bomb construction material
(titanium).

Non-reproducible results have been reported in the past when
this class of propellant has been analysed in ANSI 316
stainless steel bombs in the ARC (Ref 11) and the variability
in results was ascribed to corrosion caused by
incompatibility between the bomb and propellant in the
vicinity where the alloy was welded. It was reported, in the
same article, that tantalum bombs are now employed for ARC
work on this material.

Runs 6 and 7 were therefore virtual repeats of run 2 and 3
except that tantalum bombs were employed in order to see if a
more sedate decomposition could be achieved.

Run 6 gave only one data point since an effectively
instantaneous temperature jump occurred from 98 to 1330C. Run

116



7 began to self-heat at 105 0 C and showea a slow, steady
temperature increase up to 123c, after which an effectively
instantaneous reaction was seen (Fig 5). The behaviour of
these two samples seems to fall within the wide range found
before when using titanium bombs. The view that these two
types of bomb were equivalent, as regards reactivity towards
this propellant was supported by performing a semi-
quantitative compatibility test using the heat rlow
calorimetry facility described in Reference 12. A small piece
of 1/8" tube cut from the neck of a titanium bomb exhibited a
low heat generation rate at 77C, comparable to that shown by
a similar piece of tantalum. Pieces of hastelloy C and 316
stainless steel bombs showed elevated rates in comparison,
and a piece of copper pipe, which is known to be highly
incompatible with LP101, showed an enormous heat generation
rate. Results and conditions for these tests may be found in
Figure 12.

These runs were performed in wide-mouthed hastelloy C bombs
which had been lined with a glass tube. This arrangement was
used in order to see if contact of the propellant with any
metal surface (even an apparently compatible one) were
responsible for the sudden, non-reproducible transitions to
rapid rate seen in the preceding experiments.

Temperature-time curves for runs 7 and 8 are shown in Figs 6
and 7 and it can be seen that slow self-heating was observed
for several degrees before an explosive reaction was seen.
In contrast runs 9 and 10 both appear to have suffered an
explosive reaction without any prior self-heating. Although
these results are similar to those seen with the spherical
metal bombs as far as variability goes, the observed events
all occurred at higher temperatures.

Although the relatively poor heat transmission through the
glass liner and the very large 0 factor due to the mass of
these bombs meant that these runs could only be considered
semi-quantitative, these results would suggest that contact
with metal surfaces might increase the likelihood of a rapid
reaction occurring at a lower temperature.

This conjecture was tested by running samples of LP101 in
similar glass lined hastelloy C bombs, but with small pieces
of either tantalum or titanium immersed in the propellant.
It can be seen that, although still variable, the temperature
at which explosive events were observed were within the lower
range seen before with the all-metal bombs (Table 1).

ISO-PROPYL NITRAT,

RUNS 15 AND 16

Temperature-time curves for these runs are shown in Figures
8 and 9. It can be seen that, in contrast to the results
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found with LP1O1, these runs duplicate well and a single,
smooth decomposition curve is seen with no explosive
reaction.

RUNS 17 AND 18

These runs were performed on small samples of IPN run in the
glass-lined, open mouthed bombs in order to check that the
presence of the glass liner did not act as a sufficiently
good insulator to prevent the moderating influence of the
bomb's thermal mass preventing a normal thermal explosion.

It can be seen that the exotherm was reproducible and no
explosive event was observed. Self-heating was detected about
100 higher than seen when IPN was run in low-thermal-mass
spherical titanium bombs. These results are consistent with
the behaviour expected from a material displaying a
temperature/concentration dependent general rate law, when an
allowance is made for the large differences in f between the
types of bomb used.

Taking the LP1O1 results as a whole, the most obvious feature
is that the temperature of onset, the extent of reaction
before a transition to explosion is seen and the shape of the
continuous part of the curve are non-reproducible in
comparison with 'well behaved' energetic materials. In fact
the only persistent feature appears to be that a transition
to very rapid rate always occurs at some point during the
analysis. It is hard to see how any temperature/time
dependent general rate law could fit these observations and
it would appear that thermal explosion theory cannot be
applied to these particular results. In this way, these
results resemble those obtained from some LP1O1 samples
during isothermal experiments and described as "anomalous
behaviour" (Refs 13,14), and the causes of both sets of
observations may be related.

Although conventional thermal explosion theory cannot be
applied to these results, the ARC does provide a robust,
controlled, instrumented containment vessel for following the
entire decomposition of this material and it is hoped to use
the device at RARDE to identify the factors which contribute
to this phenomenon. In order to describe the detailed
mechanism responsible for these observations further, it will
be necessary to use a more specific analytical technique than
calorimetry. To this end, a program of work, employing the
technique of electron spin resonance spectroscopy to look for
free radical species during HAN decomposition, is currently
under consideration.
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SYMBOLS AND ABBREVIATIONS

HAN Hydroxylammonium nitrate

IPN Iso-propyl nitrate

ARC Accelerating rate calorimeter

LP1O1 A British copy of the US propellant LP1845
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TABLF 1 ARC RUN DATA

Run No. Sample Bomb Type Thermal Temperature At Which Self-
Inertia (4) Heating First Detected (OC)

1 0.3544g LP101 Titanium 7.14 93-

2 0.1847g LP01 Titanium 4.48 132a

3 0.1604g LP101 Titanium 5.25 I01
b

4 1.4191g LP101c Titanium 11.9 162-

5 1.814g LP101c Titanium 9.7 183A

a 0.1276g LP01 Tantalum 4.81 98.5b

7 0.1302g LP101 Tantalum 5.05 105& a

8 0.4898g LP1OI Hastelloy Cd 23.2 129.8-

9 0.4709g LPIO1 Hastelloy Cd 24.1 132.6-

10 0.4864g LP1O1 Hastelloy Cd 23.4 134.9b

11 0.3577g LP1O1 Hastelloy Cd 31.0 123.8b

12 0.2300g LPI01a Hastelloy Cd 48.3 106.2b

13 0.1868g LP1Ol' Hastelloy Cd 58.4 107.0b

14 0.1618g LP01f  Hastelloy Cd 67.3 113.0
b

15 0.1766g LP01f Hastelloy Cd 61.8 95.Ob

16 0.1025g IPN Titanium 5.72 1496

17 0.1297g IPN Titanium 5.65 146

18 0.1251g IPN Hastelloy Cd 104.9 159.5g

19 0.1314g IPN Hastelloy Cd 98.6 159.79

* Initial slow, controlled self-heating followed by a sharp transition
to rapid rate.

b Effectively instantaneous jump to final temperature as soon as self e
heating is detected.

o 26-28% - /wz LP101 in water.

d Wide-mouthed bomb lined with an 18x19 mm glass tube.

0 2 pieces of 1/8" tantalum tube (0.264g) immersed in propellant.

f 2 pieces of 1/8" titanium tube (0.0691g) immersed in propellant.

a Uniform. controlled decomposition throughout recorded exotherm.
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RAMAN SPECTROSCOPY OF LIQUID PHASE REACTIONS IN HAN-BASED LPs

R A Beyer and M W Teague
USA Ballistic Research Laboratory

APG, MD 21005-5066

ABSTRACT

An effort is currently underway in our laboratory to devise
a diagnostic of the liquid phase reactions of HAN based LPs that
will allow us to follow both the original reactants and
subsequent liquid phase products. One goal is to make the
technique useable up to 1500 psi. Studies are to be undertaken
to study the LPs and constituents under various conditions of
heating. Heat sources include thermal contact and laser heating
(both visible and infrared).

The two main approaches are heating in bulk and heating in a
flowing jet of liquid. The first case is more conventional,
although rapid data acquisition will be necessary. In the second
case, flow velocity will be sufficienly rapid to provide
resolution of the reactions. In both cases the elimination of
scattered laser light dues to bubbles formed in reaction is a
major difficulty.

Studies to date have been severly limited by equipment
problems. Preliminary observations have been encouraging in the
use of fiber optics for collecting the Raman signals. Raman
signals have been obtained in a variety of configurations for the
initial components; no measurements of products have been made to
date. Some preliminary measurements of low-energy modes near
200cm-i have been made using a colloidal crystalline filter to
remove scatterred laser light.
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Nonlinear Spectroscopy of Water Droplets Containing Nitrates*

Richard K. Chang, Ali Serpenguzel, and Paul Chen
Yale University

Section of Applied Physics and Center for Laser Diagnostics
New Haven, Connecticut 06520

Optical diagnostic techniques to determine the chemical species and physical
properties of multicomponent liquid droplets are essentially nonexistent. We have been

developing a nonintrusive, in-situ nonlinear optical technique which has the potential of
providing both chemical and physical information about liquid propellant droplets.
Because of the unique properties of droplet morphology, this technique is particularly

applicable to droplets but less applicable to the gas surrounding the droplets.

There are two consequences of the spherical droplet morphology. First, the
spherical droplet illuminated face concentrates the incident laser radiation in a region just

within the droplet shadow face and causes nonlinear optical interactions to take place there.

Second, the spherical liquid-air interface causes the droplet to act as a high Q optical cavity,
which is capable of providing efficient optical feedback for the internally generated Raman

radiation. When the round-trip Raman gain exceeds the round-trip loss at the Raman
wavelength, stimulated Raman scattering (SRS) results.

The SRS frequency shifts from the incident laser frequency are signatures of the

vibrational frequencies of the molecules and can, therefore, be used to identify the

molecules. We have been investigating SRS from water droplets containing 1 to 1.5 M

NO3 and in some cases also containing 1 to 1.5 M S024-.

We will review what we have learned about laser-induced electrostrictive shape

distortions of water droplets containing NO3 and the time delay in the growth of the first-

order NO 3 Stokes SRS and of the multiorder NO 3 Stokes SRS. We will present our new

results obtained from a spray of water droplets containing 1.5 M NO3 and 1.5 M S24.

Only a few of the larger droplets in the spray produced strong SRS signals. Calculations

based on the Lorenz-Mie theory indicate how Q decreases as the droplet radius decreases
and as the liquid index of refraction approaches that of the surrounding gas (i.e., the critical

condition). In an attempt to relate the SRS intensity to the chemical concentration within

the droplet, we will present new results on the SRS intensity fluctuations with single-mode

and multimode laser excitation.

*This work was supported in part by ARO Contract No. DAAL03-87-K-0076.
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SHOCK TUBE IGNITION OF TEAN IN NITROUS OXIDE

Richard A Beyer
US Army Ballistic Research Laboratory

APG, MD 21005-5066

ABSTRACT

While many studies of the decomposition of the liquid
propellant components HAN and TEAM have been performed, little
attention has been given to the possible role of ignition of
these materials in the earlier decomposition products. In

4 particular, since HAN decomposes significantly earlier than TEAN,
it is possible that the TEAN reactions are dominated by oxidation
by HAM products. For this study, the possible reaction of TEAN
with nitrous oxide (N20) has been the focus.

In order to provide hot N20 without decomposing it into
nitrogen and oxygen species, a shock tube was used. Kinetic
modeling studies were carried out to ensure that the N20 would
remain unreacted for times long compared with the shock tube test
times. Thus we are able to immerse the TEAN into a bath of N20
which is made "instantaneously" hot. In these experiments, the
TEAN is mounted on a post near the end of the shock tube. Early
experiments were done with a simple mount; however, the
hydroscopicity of the TEAN made it necessary to heat the samples
under vacuum in the shock tube to drive off water.

In these experiments, pressure and light emission are
recorded. The light emission should be indicative of ignition,
or at least an increase in temperature, assuming that emissivity
stays the same. Early experiments showed large light output,
indicative of full ignition. Since that time, less reaction has
been observed. Further studies using air as the oxidizer have
shown evidence of significant reaction, but no full ignition.

These observations are still very preliminary, and need to
be refined. In addition to pursuing these measurements to a
point of understanding, the addition of convective heating and
the study of other TEAN mixtures are anticipated.
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HYDROXYLAMMONIUM NITRATE-BASED LIQUID
PROPELLANT COMBUSTION - INTERPRETATION OF STRAND

BURNER DATA AND THE LAMINAR BURNING VELOCITY*

Steven R. Vosen
Combustion Research Facility
Sandia National Laboratories
Livermore, CA 94551-0969

ABSTRACT

Measurements have been made of the burning velocity of a hydroxylammonium
nitrate-based liquid propellant undergoing combustion in a strand burner. Experiments were
conducted at constant pressures of 6.7 to 34 MPa while the propelk, it was confined in a
strand burner with a 1.8 x 1.0 mm rectangular cross section, a size smaller than that used in
previous studies. An electric discharge was used to ignite the propellant, which was then
observed by high-speed photography. The overall burning velocity in the strand burner was
found to be influenced by hydrodynamic effects, resulting in a decrease in the overall burning
velocity with an increase in pressure up to 26 MPa. Above 26 MPa instabilities became less
important and the burning velocity was independent of pressure, a trend which has not been
previously noted. The laminar burning velocity of the propellant was estimated to be 26.7
mm/s at pressures of 30 to 34 MPa. Comparison with other hydroxylammonium
nitrate-based liquid propellant burning velocity experiments give a burning velocity of Su =

9.45 p0 .27 5 (Su in mm/s, P in MPa) for pressures of 1.0 to 100.0 MPa. Also noted for the
first time was the quenching of the gas phase flame at a pressure of up to 34 MPa in a 1.8 x
1.0 mm burner.
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5th ANNUAL CONFERENCE ON HAN-BASED LIQUID PROPELLANT

US ARMY BALLISTIC RESEARCH LABORATORY

ABERDEEN PROVING GROUND, MD
22-24 AUG 89

Title of Paper Deducing Useful Data From Images of HAN-based Liauid

Propellant Combustion

Presentation Time Request 20 (min)

Type of Paper: _ Progress; Summary; X State-of-art; -Other

Speaker's Name R. C. Armstrong Phone Number.(4]5) 294-2470

Affiliation/address Sandia National Laboratories

Livermore, CA 94551-0969

Co-author(s) name(s) S. R. Vosen

ABSTRACT (Use reverse side if necessary)

At experimental conditions relevant to gun applications, HAN-based liquid propellants
present enormous difficulties in experimental diagnostics. Fortunately the unburned and
burned states are optically clear, providing for an attractive environment for high-speed

cinematography, although the experimental difficulties are still great. The analysis of the
resulting film for quantitative information is problematic and, as yet, largely untried. First,
as with all photographic/video data, there is an enormous amount of it, only a small part
of which is desired. In our case we wish to track and quantify the unstable, combusting
gas/liquid interface in strand burning experiments of LP and render it as a one-dimensional
line embedded in a two-dimensional plane. We found existing edge enhancement techniques
inadequate, and developed our own algorithms for extracting this line. Thus we obtain a
translating and deforming gas/liquid interface for each frame in time. These are spaced
closely enough that the interface can be considered continuous. Second, it must be realized
that the photograph is actually a two-dimensional projection of a three-dimensional reality.

We have dealt with this by considering the gas/liquid interface to be a stochastic process,
and used the statistics of extrema to calculate useful results such as the expectation of the

frontal area presented by the gas/liquid interface to the flame. From the area estimateq of
the "real" or "intiinsic" burning rate can be obtained. Extensions to this work regarding
more complicated one- and two-phase combusting flows are also of interest. A particularly
promising technique for analyzing such flows is linear response theory generalized from
(molecular) light and neutron scattering applications.

t This work is supported by the Department of Defense through a Memorandum of
Understanding with the Department of Energy and Sandia National Laboratories.

ABSTRACT DEADLINE: JUNE 15, 1989
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Gas Driven LP Injector/Combustor Tester--
Design, Test Objectives and Preliminary Tests

Ray Rychnovsky
Sandia National Laboratories

Livermore, California

We have designed an injector/combustor to study
fundamentals of Liquid Propellant combustion at pressures
typical of 155 mm guns. The initial tests will focus on
instabilities of combustion. Parameters of injection, jet
break up and burning of the LP which will improve
mathematical modeling of LP combustion will be measured.

The test apparatus is a gas driven injector/combustor
which has a fixed geometry combustion chamber with an exit
orifice that is varied to maintain the desired combustion
parameters. The liquid propellant chamber is designed for
pressures up to 380 Mpa (55 ksi) and the combustion chamber
may reach peak pressures of 345 Mpa (50 ksi). Both circular
and annular LP injection orifices have been designed and
procured.

Tests to date have demonstrated injection parameters
and have developed a relatively smooth pressure vs time
profile in the LP chamber. Combustion tests will begin
soon. The paper will describe the test setup and test
results.

This work is jointly supported by the DOD Office of
Munitions and by the Department of Energy through a
Memorandum of Understanding.
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LP INJECTION/COMBUSTION TESTS COMPLETED - 8/16/89

CHARGE RUPT. DISC CC
TEST IGNITER MAIN PRESS-KSI STRENGTH PRESS H/C

TEST NO DATE 4350 LP LP HE LP LP CC ORIF KSI ksi
GMS CC CC ksi ksi ksi ksi

WATER EJECTION TESTS
WE - 1 3/17 - - - 0.50 1.7 3.0 - 5 mm - 1.0
WE - 2 3/23 - - - 0.55 1.7 3.0 - 5 mm - 1.0
WE - 3 4/13 - - - 1.00 3.8 6.0 - 5 mm - 1.0
WE - 4 4/14 - - - 1.00 4.0 6.0 - 5 mm - 1.0
WE - 5 4/14 - - - 1.00 4.5 6.0 - 5 mm - 1.0
WE - 6 4/21 - - - 1.00 3.7 6.0 - 8 mm - 1.0
WE - 7 4/26 - - - 1.00 4.0 6.0 - 8 mm - 1.0
WE - 8 5/3 - - - 1.00 3.9 E.0 - 8 mm - 1.0
WE - 9 5/4 - - - 1.30 2.9 10.0 - 8 mm - 1.0
WE -10 5/10 - - - 1.30 2.5 10.0 - 8 mm - 1.0
WE -11 7/7 - - - 3.00 4.0 10.0 6.0 5 mm 3.0 3.0
WE -12 7/12 - - - 3.00 4.0 10.0 6.0 5 mm 3.0 3.0

IGNITION TESTS
IT - 1 3.5 0 - - - - - - - -

IT - 2 2.5 0 - - - - - - - -

IT - 3 3.5 0 - - - - - - - -

IT - 4 3.5 4 - - - - - - -

IT - 5 3.5 6 - - - - - - - -

COMBUSTION TESTS
CT - 1 7/28 3.5 5 35 3.00 3.6 10.0 6.0 5 mm 0.0 5.0
CT - 2 8/11 3.5 4 35 3.00 3.6 10.0 6.0 5 mm 0.0 3.0
CT - 3 8/16 3.5 4 35 3.00 4.0 10.0 6.0 5 mm 0.0 3.0
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ANALYSES OF THE LIQUID PROPELLANT INJECTOR/COMBUSTOR

Stewart K. Griffiths
Sandia National Laboratories

Livermore, California 94551-0969

ABSTRACT

Sandia National Laboratories has developed and is now testing a liquid propellant in-
jector/combustor (LP I/C) to investigate the injection and combustion of HAN-based
propellants at conditions replicating those in a small caliber LP gun. In support of that
effort, we have developed a kinematic model of the LP/IC operation, with the intent to
provide design guidance and aid in interpreting experimental results. This simplified model
simulates basic LP I/C operation, including start-up transients, injection rates, and pro-
pellant and combustion chamber pressure histories, and further, allows modeling those
pressure oscillations which arise from the coupling between the injection and combustion
processes. Acoustic phenomena, leading to pressure oscillations which arise solely within
the combustion chamber, are specifically excluded from the model.

The LP I/C model closely follows previous analyses which are based on a lumped-parameter
approach. The core of the model is the injector piston motion, which is described by the
piston acceleration and a simple force balance, and mass conservation equations for the
propellant and driver gas. These basic conservation equations are supplemented with three
additional equations describing the triggering process, and the resulting system of ordi-
nary differential equations are integrated forward in time using a backwards differentiation
algorithm suitable for stiff problems.

Sample calculations for the LP I/C show the effect of the injection orifice size on the liquid
propellant and combustion chamber pressure histories. As the injection orifice is increased
from 5 to 9 mm, the steady portion of the combustion chamber pressure increases from
240 MPa to about 340 MPa, and the period of injection falls from 20 ms to 13 ms. Similar
calculations demonstrate the effect of combustion chamber volume, burst disk pressure and
exit nozzle size on the LP I/C performance. The effect of trigger by-pass tube diameter
on post-burst pressure drop following burst disk rupture is also examined. These results
were used to establish the baseline LP I/C design.
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K [ .-, t-j-. .norium nitrate (TEAN). and water exist
as highly structured clusters surrounded by regions of
essentially unorganized water. HAN exists in these clusters as
an ion-pair and the cluster is organized by virtue or extensive
hydrogen bonding. Many of the observed physical properties of
the propellants reflect this structure and the equilibrium
between the clusters and the unorganized water that surrounds
them.

Reaction of the propellants is sequential with HAl reac:zna
first. Thermal decomposition of HAN is initiated by -ydride in
transfer from hydroxylammonium to nitrate and produces the
nitroxyl radical and nitrous acid. These intermediates then
react with HAN and produce nitrous oxide, nitrogen. nitric acid.
Heat is liberated and. in the later stages of reaction. a -as
cloud consisting of the HAN reaction products surrounds TEAN
droplets. Combustion involves the vigorous reaction of these
droplets with the oxidizing species in the gas cloud.
Approximately 80 - of the energy of the prczelLant is reueasec
diurina the combustion sequence.
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SUGGESTED SPECIFICATIONS FOR
HAN-BASED LIQUID PROPELLANTS

R. A. BIDDLE
THIOKOL CORPORATION

ELKTON DIVISION
55 THIOKOL RD.

ELKTON, MD 21921-0241
301-392-1237

The current specifications for liquid gun propellants (LGP) based
upon hydroxylammonium nitrate (HAN) are fairly loosely defined. At the present
time these have been developed as the propellants have been prepared in laboratory
thru pilot plant scale batches and as stability and use studies have been
accomplished. The propellant LGP1846 has been selected as the example for
developing revised specifications since approximately 1S,000kg of this material
have now been prepared for delivery. This material has been used for numerous
studies and for most, if not all, of the actual gun firing tests to date.

Specifications for LGP1846 include content, analyses used and packaging
of the final material. Originally the content of each of the components (HAN,
triethanolammonium nitrate or TEAN and H 0) were specified to be within ±
0.3% by weight of the required concentraiion. It is suggested that this be
expanded to include the total nitrate content and the ratio of the HAN to
the TEAN in the solution. This should provide a better approach toward obtaining
the desired 7.0 molar ratio of HAN/TEAN for combustion purposes. The metal
ion contamination level has been addressed previously as being desirable to
maintain a total of less than S ppm of heavy metals. It is anticipated that
this can be maintained at the total 5 ppm level with emphasis on the transition
metals. An additional specification for a trace of excess acid should be
included to promote stability.

The original analyses specified were ultraviolet (UV) spectrophotometry,
acid titration and trace metal determination. These have been expanded to
include a total water analysis (Karl Fischer) and an oxime/acid titration
which allows measurement of both the HAN and the TEAN in the same solution.
Trace metal analyses are still required and can be accomplished adequately
with atomic absorption (AA) spectrophotometry. The UV analysis provides a
single straight forward method for measurement of the total nitrate content.
A requirement for examination of the UV trace to define a yellow color component
has been lost. The analyses suggested, thus reduce to a standard UV absorption
measurement, an oxime/acid titration with aqueous base, a Karl Fischer titration
and AA analysis of diluted solutions. Additional work is required to correlate
the excess acid level but analysis is straight forward by aqueous base titration.

Packaging of the LGP for shipment has been defined to meet DOT
requirements. This includes the actual container for the liquid and the required
overpackaging to meet the DOT requirements. While the overpackaging may be
altered in the future based upon on going hazard classification tests, the
actual container for the liquid will most likely remain the same. Leaching
of the polyethylene container is the most important factor. This is required
to remove all potential soluble contaminants. The other requirements of a
tamper proof and vented closure should still be maintained.
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5th ANNUAL CONFERENCE ON HAN-BASED LIQUID PROPELLANT

US ARMY BALLISTIC RESEARCH LABORATORY

ABERDEEN PROVING GROUND, MD

22-24 AUG 89

Title of Paper Development of Analytical Method 1o~y fc- Liquid Propel!rnt=

Presentation Time Request 20 (min)

Type of Paper: Progress; Summary; X State-of-art; Other

Spealter's Name Stan Griff Phone Number(201)366-3609

Affiliation/address GEO-CENTERS. Hopa\con 
N T

Co-author(s) name(s) Edward Turngren. Weialm ]

ABSTRACT (Use reverse side if necessary)

The defense community's commitment to evaluate liquid gun propellants as a

potential replacement of solid propellants in the 105mm and 155mm guns has

resulted in the necessity of wide ranging investigations. A necessity for

acceptance is the ability to be stored for indefinite periods under specified

field exposure conditions. The stability and therefore integrity of these

propellants, after being stored for extended periods of time, is necessary

in order to meet ballistic requirements. The long-term storage of liquid

propellants is required to determine whether there is any instability; its

zause; and if necessary, its prevention. Fail/safe criteria is not presently

available for liquid propellants under long-term storage conditions and a

methodology is being developed to establish this criteria.

Analytical methods have been developed to provide means to monitor these

long-term storage studies. Techniques which were previously developed for

this program were reviewed, and those applicable for this program were investi-

gated. The investigation led, in some cases, to revise or to create new methods

for analysis of major ingredients, contaminants and degradation products.

The methods which were selected were tested in-depth, and with several, comparison

studies were conducted.

In conclusion, a capability is available to monitor liquid propellants

during storage. This will permit the establishment of kinetics, decomposition

mechanisms and specifications as well as the ability to evaluate additives.

ABSTRACT DEADLINE: JUNE 15, 1989
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Review of Analytical Monitoring Techniques
Component Available Recommended

HAN Titration-adequate IC/SFC-sensitive
IC-more versatile to small variations

TEAN, AN Titration-does not resolve IC/SFC-sensitive
EAN, DEAN IC-resolves all species to small variations

H20 Titration Titration-Karl
U Fisher

Nitric acid Titration Titration-NonAq

Metals IC-fastest IC-all in one run
GPAA-reference TM+3 requires
Polarography-complex development
and time consuming GPAA-slower

Gas Phase GC and MS GC-Two
degradation column method
products MS-confirm

Liquid Phase LC LC/SFC-methods
degradation require
products development

4

Note: Titration - Typical acid-base titrimetry.
IC - ion chromatography, ionic separation with a liquid
eluant.
SFC - supercritical fluid chromatography, separation
with supercritical carbon dioxide.
GPAA - graphite furnace atomic absorption
spectrophotometry.
GC - gas chromatography, separation with a gaseous
eluant.
LC - liquid chromatography, separation with a liquid eluant.
MS - mass spectrometry
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Nitric Acid Titration - % Recovery vs Sample Weight

100

40- 2 4

20 - -

.J0 1 2 3 4 5 6

Sample Welghtgms

Sample Wt,gma % Recovery

1 0.3 99
2 0.5 99
3 0.6 95
4 1.0 61
5 2.0 46
6 5.0 36
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COMPARISON OF HAN TITRATION
METHODS

Sample Non-Aqueous Aqueous
nBA TBAH NaOH

LP 1846 59.02 59.70 58.65
LP-2 ±0.04 ±0.05 ±0.02

LP 1846 60.04 59.40 58.78
LP-3 ±0.01 ±0.08 ±0.06

HA.CI 60.8 58.5

NOTE: HA.CI, HCI, standards equivalent to 61.4%
HAN.
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I ON CHROMATOGRAPHY

AMMONIUM CATION METHOD
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Comparison of Graphite Furnace AA and ICP

Metals Analyses of LP 1845 Lot# 1845-01-02

Metal Perkin Elmer ARL

Fe 0.9ppm(ICP/ES) 1 .0(ICP/ES)
Fe 1.8ppm(ICP/IS)
Fe 1 .9ppm(GPAA)
Fe 1.5ppm(ICP/MS)

Note:
IS = internal standard technique using scandium.
ES = external standard technique.
ICP = inductively coupled plasma. MS = ICP/MS.
GPAA = graphite furnace AA.
Dilution for GPAA was 1/100.
Dilutions for ICP PE = none; ARL = 1/9th.
Same results obtained for Lot 292:

PE = 0.2ppm Fe (IS) ARL = <0.01 ppm Fe (ES)
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LP 1846 PRESSURE-TIME STUDY INVENTORY

Inhibitor
Sample Temperature Nitric Ratio,

Description 0C Fe,ppm Acid, % L:M

LP Neat 30 0.7 0.10 0
LP + acid 0.7 0.15 0
LP + acid 0.7 0.20 0
LP + iron 1.5 0.10 0
LP + iron 4.0 0.10 0

LP Neat 50 0.7 0.10 0
LP + acid 0.7 0.15 0
LP + acid 0.7 0.30 0
LP + iron 1.5 0.10 0
LP + iron 4.0 0.10 0

LP Neat 65 0.7 0.10 0
LP + acid 0.7 0.20 0
LP + acid 0.7 0.30 0
LP + iron 1.5 0.10 0
LP + iron 4.0 0.10 0

LP + inhibitor 0.7,4 0.10 2:1
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Rate vs Time at 650C - LP1 846 + Nitric Acid
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STATUS AND FUTURE PLANS

1. Preliminary analytical methodologies have been chosen.

a. IC- HAN, TEAN and AN.
SFC - being investigated.

b. IC - transition metals.
GPAA - reference for transition metals.

c. LC - liquid phase degradation products.
SFC - being investigated.

d. Non-Aqueous Titration - nitric acid.

e. Accelerating Rate Calorimetry - to compliment
ballistics.

2. Coordination of analyses between ARDEC, BRL, Olin, and
Thiokol and formation of Analytical Working Group is being
discussed.

3. Accelerated surveillance study has been initiated with"production quality" propellant.
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SYSTEM: 20 mL LP, 40 mL H20, 4.0 mL Excess HN03
All Titrated with NaOH

Polynomial Fit, deg 10
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SYSTEM: 20 mL LP, 40 mL H20, 4.0 mL Excess HNO3

All Titrated with NaOH

Derivative of Polynomial
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SYSTEM:t 20 mL LP, 40 mL H20, 40 mL Excess HN03
All TItrated with NaQE

Second Derivative of Polynomial
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EXCESS STRONG ACID IN LIQUID PROPELLANTS

DESCRIPTION SAMPLE LP X STRONG ACID DEV # SAMPES

1845-01 0.007 1

1845-01; 55 0.003 0.002 5

1845-290 M-T 0.295 0.000 3

1845-293 M-T 0.294 0.001 3

1846-01; 20 M-T 0.155 1

1846-02 NOS/IH 0.155 0.000 3

1846-02; 69 0.001 0.007 3

1846-03; 8 0.004 0.001 2

1846-03; 27 0.027 1

1846-04; 14 0.071 1

1846-05 -0.050 0.002 8

1846-06 0.001 0.003 5

1846-07; 67 -0.004 0.002 5

RAN; 2.8 M SW 0.075 1

HAN. 13 M #184 0.022 0.001 5

HAN; 13 M #851-27 0.006 0.001 5

HAN; 13 M #851-47 0.004 0.001 5

TEAN; 80% M-T 278 - . 0.003 3
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5th ANNUAL CONFERENCE ON HAN-BASED LIQUID PROPELLANT
US ARMY BALLISTIC RESEARCH LABORATORY

ABERDEEN PROVING GROUND, MD
22-24 AUG 89

Title of Paper Human Ex)osure cna r)ccuatien-l ,ealt, Sur,eivrc _

oun Propellant (LGP) Workers

Presentation Time Request 2P (min)

Type of Paper: X Progress; Summary; State-of-art; Other

Speaker's Name t IA David L. Parner Phone NumberQ33_c . -72;

Affiliation/address U.S. Army Biomedical Research and Development Laboratory,

ATThi: SGRD-UBG-0, Fort Detrick, Frederick, MD 21701-5010

Co-author(s) name(s) MAJ David A. Smart

ABSTRACT (Use reverse side if necessary)

Development of information on human exposure to LGP serves two basic
purposes. In cases of documented over-exposure or accidental spill, human
responses provide a basis for determining if toxicity data developed from
animal studies accurately predict effects. Secondly, a routine surveillance
program, particularly for a new compound, provides assurance that unexpected
exposures will not occur. When the U.S. Army Biomedical Research and
Development Laboratory (USABRDL) research program on such exposures began, all
reported historical exposure situations were investigated to determine if
legitimate information was available and suitable for defining effects. The
reported exposure situations proved to be anecdotal and did not provide
significant information on effects. One documented accidental exposure did
occur after the USABRDL study program was initiated, but the supporting health
clinic failed to follow proper procedures in conducting tests for systemic
toxicity. The USABRDL enlisted cooperation from two ballistics research
contractors in the conduct of a medical surveillance program. A third
contractor is being solicited for inclusion in the program. Medical
surveillance results will be discussed.
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5th ANNUAL CONFERENCE ON HAN-BASED LIQUID PROPELLANT
US ARMY BALLISTIC RESEARCH LABORATORY

ABERDEEN PROVING GROUND, MD
22-24 AUG 89

Title of Paper: An Overview of Chemical and Biological ccecse
Which May Lead to Degradation of HPN and TvAN 'n
the Environment

Presentation Time Request: 20 (min)

Type of Paper: X. Progress; - Summary; - State-of-art; - Other

Speaker's Name: Dr. M. L. Taylor Phone Number: (513) 782 470C

Affiliation/address: PET Associates, Inc.. 11499 Chester Road.
Cincinnati, Ohio 45246

Co-author(s) name(s): M.A. Dosani (PEI). and C. Graham (USATHAMA)

A liquid propellant, currently being developed, consists of a
mixture of an oxidizer, hydroxylammonium nitrate (HAN), a fuel,
triethanolammonium nitrate (TEAN), and water. TEAN has been found
to contain a hazardous impurity, N-.iitrosodietlanolamine (NDELA)
which is a carcinogen and poses an exposure hazard to personnel
manufacturing the TEAN. The purpose of this project is to provide
U. S. Army Toxic and Hazardous Materials Agency (USATHAMA) with a
listing of potential methods for demilitarizing and disposing of
the HAN-TEAN propellant residues which, on the basis of
engineering, environmental and cost considerations, appear to be
feasible. In addition, methods for performing bench-scale
evaluation and concepts for full-scale implementation of these
potential methods will also be recommended.

A comprehensive literature search has been performed in which
information regarding the chemical/physical characteristics, as
well as degradation and disposal processes for the HAN-TEAN
propellants and formation of NDELA was sought. The major problem
encountered at the outset of these investigations was the absence
of published literature concerned directly with disposal or
degradation of these propellant components as interest in these
compounds is relatively new. Therefore, we searched for methods
of disposing of similar compounds such as, triethanolamine,
ammonium nitrate, and certain cutting fluids.

On the basis of the literature search results, we have
identified thermal destruction and microbial degradation to be
potentially applicable techniques for degrading the liquid
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propellant. Thermal destruction has been used by :he propean:
manufacturer, however, this approach is not amenable broa-

scale and cost-effective use in numerous locations, some c: wnich
are quite remote.

As far as microbial degaradation is concerned, we have
identified techniques which entail aerobic/anerobic biodearadation
performed either in a bioreactor or in situ. Microbial
degradation methods are currently being used for the disposal o
various organic compounds and these processes are gaining wide
acceptance. Currently, we are in the process of evaluatina
various types of microbial degradation techniques and assesina
their potential for degrading the HAN-based liquid propellart.

Once the most promising disposal method is identified, the
potential environmental impact of the selected technique will be
evaluated. In addition, domestic and foreign environmental
regulations will be reviewed to ensure that the selected disposal
activities comply with the pertinent environmental statutes.
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SELECTION AND CONDUCT OF HAZARDS CLASSIFICATION
TESTS FOR HAN-BASED LIQUID PROPELLANTS

William R_ Herrera
Southwest Research Institute

San Antonio, Texas
(512) 522-3622

William 0. Seals
ARDEC

Picatinny Arsenal, New Jersey
(201) 724-5378

Contract: DAAA21-88-D-0021

Test requirements relevant to establishing the hazards classification of solid and
liquid energetic materials have been reviewed. Procedures for the classification of
liquid materials have not been established in the Defense Hazard Classification
Bulletin TB 700-2. This bulletin clearly states that it applies to energetic materials
other than liquids. However, the bulletin has been used as a guide in the selection
and conduct of recommended hazards classification tests for HAN-based liquid
propellants.
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BACKGROUND

Hazards classification is the assignment of a hazards class to a material or end item. The
guidelines and criteria used to make a hazards class selection requires a hazards classification
procedure. At the present time, there is no normalized protocol for a hazards classification for
liquid propellants. The current guide for a DOD hazards classification is the TB 700-2
manual.' This manual only provides the classification procedures for the storage and
transportatino of solid propellants and explosives. From historical data on the cause of
detonations and explosions of solid propellants and explosives, the major stimuli for initiating a
reaction are the following: friction, impact, thermal, abiabatic compression. electrostatic
discharge, and impingement. Figure 1 provides a schematic flow for establishing test criteria.
The designated test requirements and specifications which appear in TB 700-2 had to be
modified to accommodate a liquid instead of a solid test sample.

TEST SELECTION AND SPECIAL CONSIDERATIONS

Southwest Research Institute under contract with the U.S. Army Armament, Munitions,
and Chemical Command (AMCCOM, Picatinny Arsenal) selected and conducted a number of
hazaro.3 classification tests on liquid gun propellants LP 1845 and LP 1846. The tests were
consistent with those appearing in TB 700-2 Sample Summary Data Sheet presented in Figure
2. The following tests were conducted: detonation, ignition and unconfined burning, thermal
stability, card gap, and impact sensitivity. The test procedures had to be modified to
accommodate a liquid sample consisting of the following approximate compositions:

LP 1845 (%) Constituent LP 1846 (%)

63 Hydroxylammonium nitrate 60
20 Triethanolammonium nitrate 20
17 Water 20

Emphasis was placed on eliminating all possible source of metal (such as iron, copper, nickel,
transition metal per se) contamination. This was done because of the liquid propellant becomes
sensitized and are subject to degradation when contaminated with metal salts. The use of 316
series stainless steel and polyethylene containers was stressed. The stainless steel containers
were passivated with nitric acid followed by thorough rinsing with deionized water to eliminate
possible contamination. The polyethylene containers were immersed in boiling deionized water
to eliminate possible organic and inorganic contaminants.

TEST SPECIFICATIONS

A brief description of requirements for the individual tests follows.

Detonation Test

This test involves placing a solid lead cylinder (1.5 inches in diameter and 4 inches high)
on a 0.5-inch thick 12-inch square mild steel plate. A No. 8 blasting cap is placed
perpendicular to and in contact with a flat surface of a 2-inch cube sample of the propellant

1. TB 700-2 (Army designation), Department of Defense Explosives Hazard Classification
Procedures, September 1982.
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TB 700-2
NAVSEAINST 8020.8 SUMMARY DATA SHEET
TO 11A-1-47
DLAR 8220.1 Date

Sponsonng Agency
Contract No.

Explosive or Propellant Identity (Type No.)

Spec. Batch

Mfg. Date

Detonation Test' Detonated Burned Fragmented
Yes No Yes No Yes No

No. 8 Blasting Cap Test I
Test II
Test III
Test IV
Test V

Samples: Five 2-inch cubes. Test: One blasting cap per sample.
Ignition and Unconfined Buming Test' Exploded Average Burning Time

Yes No Seconds
One 2-inch cube
One 2-inch cube
Four 2-inch cubes

Samples: Six 2-inch cubes.

Thermal Stability' Reaction

Test: 48 hours at 75"C in vented oven

Card Gap Test Comment

50% value _ (no. of cards) No detonation with 0 cards

Impact Sensitivity Test
Bureau of Explosives Impact Apparatus

Ten 3-3/4" (±1/16") Drop Test Ten 10" (±1/16") Drop Test
10 Trails 10 Trails

Number of Trails Exhibiting Number of Trails Exhibiting
Explosion Decomposition No Reaction Explosion Decomposition No Reaction
Flame and Smoke No Smoke Flame and Smoke No Smoke
Noise No Noise No Noise Noise No Noise No Noise

APPROVED:

Test Director Test Department Head

ASSNED CLAIFICATION DOD Approval (see Para 3-2)

DOT Fyt;Wden Signature
DOT Ressed*e
DOT Cim A Title
DOT Claw B
DOT Cl C Organization
UN Nffjw

Shipping instructions are to be requested from DOT.

1. All tests conducted using a 2" diameter polyethylene bottle filled with 8 cubic inches of LGP.

Figure 2. Summary Data Sheet
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which is then placed on top of the lead cylinder. A 2-inch diameter wood block with a hole
drilled in its center may be used to position the blasting cap. Deformation of the lead cylinder
1/8 inch or more will be considered as evidence of a detonation. This test is conducted a
minimum of five times or until a detonation occurs, whichever is the least number of tests.
Two-inch diameter polyethylene bottles containing 8 cubic inches (131 cubic centimeters) of
liquid propellant were used for these tests. The blasting cap was placed in a polyethylene bag
to avoid contact of the metal sleave with the liquid.

Ignition and Unconfined Burning

This test involves placing a 2-inch cube sample of the propellant on a bed of kerosene-
soaked sawdust and igniting the sawdust with an electric matchhead ignitor. This test is
repeated once for each propellant. Two-inch diameter capped polyethylene bottles containing 8
cubic inches (131 cubic centimeters) of liquid propellant were used for these tests. The test is
repeated using four 2-inch containers end-to-end in a single row on a bed of kerosene-soaked
sawdust.

Thermal Stability Test

This test requires that a 2-inch cube sample be placed in a constant temperature,
explosion-proof oven. The temperature in the oven is then raised to 75°C and maintained at
that temperature for 48 hours. The temperature is continuously recorded and the results of the
test recorded. Two-inch diameter capped polyethylene bottles containing 8 cubic inches (132
cubic centimeters) of liquid propellant were used for these tests.

Card Gap Test

This test consists of supporting a wimess plate on two edges parallel to and
approximately 6 inches above the ground surface. The liquid propellant was placed in a
section of mild steel tubing 1.875 inch OD and 0.219 inch thick and 5.5 inches long which
was lined with 0.0015-inch polyethylene film and centered above the witness plate. Four small
pieces of plastic 1/16 inch x 1/2 inch were used to support the tube containing the liquid
propellant and to maintain a 1/16 inch air gap between the test sample and the witness plate.
The air gap between the wimess plate and the liquid propellant tube should be free of solid
material. The pentolite booster is then placed on top of and in contact with test sample at the
top of the tube and the E-99 blasting cap attached. If detonation does occur, then a series of
tests using the same procedures as those identified above are repeated utilizing the attenuation
cards. The attenuation cards are 0.01-inch cellulose acetate sheets or cards which are placed
between the liquid propellant tube and the pentolite bloosters. The first test is performed using
eight cards and if a detonation occurs, then the number of cards is doubled for the second test.
If no detonation occurs, the number of cards is halved. Doubling the number of cards is
continued until no detonation occurs. When the number of cards is reached that prevents
detonation, the next test is conducted with the number of cards reduced by half the preceding
increment of increase (i.e., if detonation occurs at 32 cards but not at 64 cards, then the next
test is run with 48 cards). If detonation occurs at the reduced number of cards (48 cards in
the example cited above), the number of cards is increased by one-half the preceding increment
(i.e., from 48 cards to 56 cards). This procedure is followed ,intl the 50% probability of
detonation is achieved.
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Impact Sensitivity Test

This test can be performed on a liquid with a standard impact apparatus. The liquid test
sample (0.03 cubic centimeters) is enclosed in a cavity formed by a steel cup. an elastic ring,
and a steel diaphragm. A piston rests on the diaphragm and contains a vent hole which is
blocked by the steel diaphragm. A 2-kg weight is dropped onto the piston. A positive result
is indicated by puncture of the steel diaphragm accompanied by a loud noise or severe
deformation of the diaphragm and evidence that the sample was completely consumed. Data
are reported as the height which yields a 50% probability of initiation.

A summary of the test specifications that had to be modified to accommodate a liquid
sample is presented in Figure 2.

TEST RESULTS AND INTERPRETATION

Results of the tests listed above would be interpreted as follows.

DOT Designation

Forbidden: If thermal stability test results in a detonation, burning, or marked decomposition of
the sample.

Restricted: Compositions with an explosive impact sensitivity of less than 4 inches of drop
height.

DOT Class A (DOD Class/Division 1.1)

If one or more of the following occurs:

1. Detonation test resulted in an explosion (lead cylinder deformation of 1/8 inch or
more).

2. Card gap tests have determined a detonation sensitivity of 70 or more cards.

3. Impact sensitivity test produces an explosion at drop heights between 4 inches and

10 inches using a 2-kg drop height.

4. Ignition a-id unconfined burning test produces a detonation.

5. Thermal stability test results in an explosion.

DOT Class B (DOD Class/Division 1.3)

If one or more of the following occurs:

1. Detonation test results do not deform the lead cylinder more than 1/8 inch.

2. Card gap test does not detonate and indicates a detonation sensitivity value of less
than 70 cards or no reaction at 0 cards.
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3. Impact sensitivity test does not result in an explosion at drop heights of 10 inches

or less.

4. Ignition and unconfined burning test results in a burning deflagration.

5. Thermal stability test does not result in an explosion, burning, or marked
decomposition.

DOT Class C (DOD Class/Division 1.4)

* This class (division) comprises items which are primarily a moderate fire hazard.

* They will not contribute excessively to a fire.

• The effects are largely confined to the package.

" No fragments of appreciable size or range are to be expected.

• An external fire must not cause the simultaneous explosion of the total contents of
a package of such items.

" Items may be classified as inert for storage purposes but may be subject to Part
173, Title 49 CFR, for transport (as reviewed on an individual basis).

The results obtained for LP 1845 and LP 1846 are presented in Figures 3 and 4,
respectively. The current interim classification for these materials is DOT Class B (DOD
Class/Division 1.3). Formal classification will be done when specification on package items for
transportation are established and tests are conducted on the packages.
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TB 700-2
NAVSEAINST 8020.8 SUMMARY DATA SHEET
TO 11A-1-47
DLAR 8220.1 Date May 8, 1989

Sponsonng Agency U.S. Army AMCCOM

Contract No. DAAA21-88-D-0021

Explosive or Propellant Identity (Type No.)

Spec. LP 1845 Batch 1845-1 MSDS-054

Mfg. Date 5/12/86

Detonation Test' Detonated Burned Fragmented
Yes No Yes No Yes No

No. 8 Blasting Cap Test I X X X
Test II X X X
Test III X X X
Test IV X X X
Test V X X X

Samples: Five 2-inch cubes. Test: One blasting cap per sample.

Ignition and Unconfined Burning Test' Exploded Average Burning Time
Yes No Seconds

One 2-inch cube X 4-1/2 min
One 2-inch cube _ X 4-1/2 min
Four 2-inch cubes _ X 5-1/2 min

Samples: Six 2-inch cubes.

Thermal Stability' Reaction

Test: 48 hours at 75"C in vented oven None

Card Gap Test Comment
50% value N/A (no. of cards) No detonation with 0 cards

Impact Sensitivity Test

Bureau of Explosives Impact Apparatus

Ten 3-3/4" (±1/16") Drop Test Ten 10' (±1/16") Drop Test
10 Trails 10 Trails

Number of Trails Exhibiting Number of Trails Exhibiting
Explosion Decomposition No Reaction Explosion Decomposition No Reaction
Flame and Smoke No Smoke Flame and Smoke No Smoke
Noise No Noise No Noise Noise No Noise No Noise
0 0 10 0 0 10

APPROVED:
Test Director Test Department Head

ASSKINED CWMFICATIN DOD Approval (see Para 3-2)

DOT Fatiidden Signature
lDOT Raem.
DOT Clas A Title
DOT Ciao 8
DOT Clue C jOrganization
UN Number

Shipping instructions are to be requested from DOT.

1. All tests conducted using a 2" diameter polyethylene bottle filled with 8 cubic inches of LGP.

Figure 3. Summary Data Sheet for LP 1845
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TO 700-2
NAVSEAINST 8020.8 SUMMARY DATA SHEET
TO 11A-1-47
OLAR 8220.1 Date May 8. 989

Sponsonng Agency U.S. Army AMCCOM
Contract No. OAAA21-88-D-0021

Explosive or Propellant Identity (Type No.)

Spec. LP 1846 Batch 1846-03 MSDS-111

Mg. Date 10/12187

Detonation Test' Detonated Burned Fragmented
Yes No Yes No Yes No

No. 8 Blasting Cap Test I X X _ X
Test x x __
Test III X X X
Test IV X X _ X
Test V X X _ X

Samples: Five 2-inch cubes. Test: One blasting cap per sample.

* Ignition ano Unconfined Burning Test' Exploded Average Burning Time
Yes No Seconds

One 2-inch cube X 7 men
One 2-inch cube _ X 6 min
Four 2-inch cubes _ X 7 min

Samples: Six 2-inch cubes.

Thormal Stability' Reaction
Test: 48 hours at 75"C in vented oven None

Card Gap Test Comment
50% value N/A (no. of cards) No detonation with 0 cards

Impact Sensltivity Test
Bureau of Explosives Impact Apparatus

Ten 3-3/4" (±1/16") Drop Test Ten 10" (±1/16") Drop Test
10 Trails 10 Trails

Number of Trails Exhibiting Number of Trails Exhibiting
Explosion Decomposition No Reaction Explosion Decomposition No Reaction
Flame and Smoke No Smoke Flame and Smoke No Smoke

* Noise No Noise No Noise Noise No Noise No Noise
0 0 10

APPROVED:
Test Director Test Department Head

ASSK O CLASFICATI0N DOD Approval (see Para 3-2)

DOT F--*10. SignatureDOT Ruid"
DOT CW A Title
DOT CNm 8
DOT Om c Organization

. Shipping instructions are to be requested from DOT.

1. All tests conducted using a 2" dlametr polyethylenw bottle filled with 8 cubic inches of LGP.

Figure 4. Summary Data Sheet for LP 1845
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VULNERABILITY TESTING OF LIQUID PROPELLANT LP 1846

J.Q. Wojciechowski and C.S. Leveritt
USA Ballistic Research Laboratory

Aberdeen Proving Ground, MD 21005-5066

ABSTRACT

Liquid propellants consisting of hydroxylammonium nitrate
(HAN), triethanolammonium nitrate (TEAN). and water are currently
being investigated for use in large and medium caliber weapon
systems. It is now required by the US Government that any new
munition pass specified tests classifying it as an insensitive
munition. Also, for weapons systems design, it is imperative
that an analysis of the vulnerability of the propellant is avail-
able.

Precision shaped charges have been fired into 5 L of LP 1846
in a polyethylene container inside an armored personnel carrier.
Certain test conditions were varied specifically conditioning
armor. Analysis of pressure and temperature measurements within
the vehicle showed little difference from firing the same charge
through 5 L of water. Propellant remaining at the conclusion of
the test reveals that the propellant did not burn. All tests
were performed with hollow polyethylene balls in the container to
break up the shook wave due to hydraulic ram. One test performed
without the baffling showed a much greater reaction.

Current test results indicate that LP 1846 can pass two of
the required insensitive munitions tests. Testing different size
and dimensioned containers is planned to determine weapon system
design guidelines and complete the required insensitive munitions
tests.
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5th Annual Conference an HAN-Based Liquid Propellant
Structure and Prbperties

All sessions will be held in Bldg 338.

Charles S. Leveritt . . General Chairman

Sponsored by: LP Materials Team
Advanced Ballistic Concepts Branch
Interior Ballistics Division

Conference Room Phone 301-278-6842
AV 298-6842

Information 381-278-6188
AV 298-6188
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Tuesday, Aug 22

I815 Registration and Coffee

0845 Welcome, Charles S. Leveritt, Deputy Program Manager,
LP Program

198 Arrangements, J. Wojciechowski, ABCB. BRL

Session I: Ronald A. Sasse', BRL, Presiding

0910 "The Effect of Pressure and Dissolved Gases on the Electrical
Conductivity of Concentrated HAN Solutions and Liquid Propellants"
by S. Murad and P. Ravi, University of Ilinois at Chicago,
Chicago, IL

0949 "Estimating Solution Densities for Mixtures Containing HAN" by
D. W. Cawlfield, Olin Chemicals, Charleston, TN

1010 "Investigation of FTIR Techniques for Deternination of Ammonium
Nitrate, Nitric Acid and Hydroxylamine in HAN-Based Liquid
Propellants" by G. Singh (University of MD), R. A. Sasse' and
R. A. Fifer, BRL, Aberdeen Proving Ground, MD

1930 Break

lo59 "The Anomulous Behavior of HAN-Based Liquid Propellant During
Analysis - Part I Isothermal Studies" by S. Westlake
and P. Bunyan, RARDE, Waltham Abbey, UK

111 "The Anomulous Behavior of HAN-Based Liquid Propellant During
Analysis - Part 2 Adiabatic Studies" by P. Bunyan and
S. Westlake, RARDE, Waltham Abbey, UK

1139 Lunch
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Tuesday, Aug 22

Session II: Richard C. Thompson, University of MO. Presiding

1300 "Raman Spectroscopy of Liquid-Phase Reactions in HAN-Based LPs"
by R. A. Beyer and M. W. Teague, BRL, Aberdeen Proving
Ground. MD

1320 "Nonlinear Spectroscopy of Water Droplets Containing Nitrates"
by R. K. Chang, A. Serpenguzel, and P. Chen, Yale
University, New Haven, CT

1420 "Shock Tube Ignition of TEAN in Nitrous Oxide" by
R. A. Beyer, BRL, Aberdeen Proving Ground, MD

1440 Break

Session IhI: Richard Biddle, Thiokol Corp., Presiding

1500 "The Effects of Hydrodynamics on HAN-Based Liquid Propellant
Combustion" by S. R. Vosen, Sandia National Laboratories,
Livermore, CA

1520 "Deducing Useful Data From Images of HAN-Based Liquid Propellant
Combustion" by R. C. Armstrong and S. R. Vosen, Sandia
National Laboratories, Livermore, CA

1540 "Liquid Propellant Injector/Combustor Design and Test Results"
by R. Rychnovsky, Sandia National Laboratories,
Livermore, CA

1680 "Analyses of the Liquid Propellant Injector/Combustor" by
S. K. Griffiths, Sandia National Laboratories,
Livermore, CA

1620 Close
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Wednesday, Aug 23

0833 Coffee

Session III: Eli Freedman, Freedman Assoc., Presidinq

0900 "Reaction Model and Mechanism for HAN-Based Liquid Propellants"
by N. Klein, BRL, Aberdeen Proving Ground, MD

0930 "Suggested Specifications for HAN-Based Liquid Propellants"
by R. Biddle, Morton-Thiokol, Elkton, MD

0950 "Development of Analytical Methodology for Liquid Propellants"
by S. Griff, GEO-Centers, Hopatcong, NJ and W. 0. Seals
and E. Turngren, ARDEC, Dover, NJ

1010 "Determination of Excess Acid in Liquid Propellant" by R. A.
Sasse'", BRL, Aberdeen Proving Ground, MD

1030 Break

Session V: Charles S. Leveritt, BRLF Presiding

1050 "Human Exposure and Occupational Health Surveillance of Liquid
Gun Propellant (LGP) Workers" by MAJ D. L. Parmer and MAJ
D. A. Smart, USABRDL, Fort Detrick, Fredrick, MD

111 "An Overview of Chemical and Biological Processes Which May Lead
to Degradation of HAN and TEAN in the Environment" by M. L.
Taylor, M. A. Dosani, PEI Associates, Cincinnati, OH and C.
Graham, USATHAMA, Aberdeen Proving Ground, MD

1131 Lunch
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Wednesday, Aug 23

Session V: Continued

1380 "Hazard Classification Studies on HAN-Based Liquid Propellants"
by W. Herrera, Southwest Research Institute,
San Antonio. TX

1320 "Phase I - Vulnerability Studies an LSP 1846" by J. 0.
Wojciechowski and C. S. Leveritt, BRL, Aberdeen Proving
Ground, MD

135w Open Discussion

1530 Close
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